Abstract It is well established that both total and spectral solar irradiance are modulated by variable magnetic activity on the solar surface. However, there is still disagreement about the contribution of individual solar features for changes in the solar output, in particular over decadal time scales. Ionized Ca II K line spectroheliograms are one of the major resources for these long-term trend studies, mainly because such measurements have been available now for more than 100 years. In this paper we introduce a new Ca II K plage and active network index time series derived from the digitization of almost 40 000 photographic solar images that were obtained at the 60-foot solar tower, between 1915 and 1985, as a part of the monitoring program of the Mount Wilson Observatory. We describe here the procedure we applied to calibrate the images and the properties of our new defined index, which is strongly correlated to the average fractional area of the visible solar disk occupied by plages and active network. We show that the long-term variation of this index is in an excellent agreement with the 11-year solar-cycle trend determined from the annual international sunspot numbers series. Our time series agrees also very well with similar indicators derived from a different reduction of the same data base and other Ca II K spectroheliograms long-term synoptic programs, such as those at Kodaikanal Observatory (India), and at the National Solar Observatory at Sacramento Peak (USA). Finally, we show that using appropriate proxies it is possible to extend this time series up to date, making this data set one of the longest Ca II K index series currently available.
Introduction
The importance of Ca II K spectroheliogram time series for the study of solar magnetism and irradiance variability is well established. Observations of the solar surface reveal magnetic fields with complex hierarchical structures, evolving on a wide range of different spatial and temporal scales. The most prominent aspect of this variability is the solar cycle of activity, with a period of approximately 11 years for the sunspot numbers and a period of about 22 years for the magnetic polarity. Thirty years of satellite measurements of the Sun's energy output have revealed that also the solar irradiance changes over the full range of time scales from minutes to decades (e.g. , and this variability is wavelength dependent Solanki and Unruh, 1998) . Empirical models have shown that the variability in solar irradiance is indeed modulated by the area variations of the solar surface magnetic features, to a high degree of correlation Foukal et al., 2004; Foukal and Lean, 1988) . Two of these features, plages and chromospheric magnetic network, account for a significant portion of the Sun's total magnetic flux, UV and EUV variability, that play a critical role in determining the conditions in the heliosphere which directly influence the Earth's magnetosphere (see the references in the paper by Foukal et al. (2009) for a discussion on this subject).
Observations near the core of the ionized calcium K line (393.37 nm) are one of the most effective tools to investigate the morphology and evolution of both plages and chromospheric magnetic network. These measurements have been available since the early years of the twentieth century and, because of their correlation to the solar irradiance, they have been widely used as proxies to reconstruct the history of the solar magnetism and solar irradiance over the last 100 years and beyond Foukal et al., 2004) . The Mount Wilson archive of ionized Ca II K line spectroheliograms provides a fundamental resource for these studies. The intensity calibration of these images, however, is a very difficult task because the disk brightness and level of background vary from one image to another due to contributions from the quiet Sun limb darkening curve of the Ca II K line, the geometrical distortion introduced by the guider errors that alter the image shape, and the vignetting function produced by the misalignment of the optical axis with respect to the center of the grating. For those observations that include the step wedge densitometer strips it is possible to derive a characteristic curve (also known as Hurter -Driffield curve, or H&D curve) to interpret the transparency of the photographic plate material in terms of an exposure quantity (de Vaucouleurs, 1968) . Unfortunately, the step wedge exposures only began 9 October 1961 making this approach unsuitable for the calibration of the entire database. However, digital filters are convenient tools for extracting the properties of the spatial intensity distribution of an image. In this paper we use a median (low-pass) filter to determine the image background of each Ca II K observation. A flat-fielded image is then obtained by dividing the image by its background. Two of the parameters that describe the pixel distribution of this normalized image can be used to define a Ca II K plage index and a plage contrast time series. The very good agreement between these two time series and similar products validates the analysis described in this paper ). Finally, we show here that it is possible to extend the length of the plage index time series up to date by using its excellent correlation to the Mount Wilson magnetic plage strength index (MPSI), making this Ca II K index times series one of the longest currently available.
The Mount Wilson Archive
Since the start of the 20th century, the monitoring program of the Mount Wilson Observatory has made available to the scientific community a huge number of solar images. The glass and acetate negatives are stored and maintained at the Pasadena (California) office of the Observatories of the Carnegie Institution of Washington. This archive contains over 150 000 images of the Sun which were acquired over a time span in excess of 100 years. The archive includes broad-band images called White Light Directs, ionized Ca II K line spectroheliograms and Hydrogen Balmer alpha spectroheliograms including both images of the solar disk and images of prominences above the solar limb. In 2003, the solar physics group at UCLA has begun a project to digitize essentially all of the Ca II K and broad-band direct images out of the archive, with 12 bits of significant precision and up to 3000 by 3000 spatial pixels. This project has now completed the digitization of the Ca II K spectroheliogram series that began in 1915 and ended in 1985. Almost 40 000 solar images and step wedge images (available after 1962) have been extracted and identified with original log-book parameters of observation time and scan format. Data from this reduction are accessible from the project archive on-line at http://www.astro.ucla.edu/~ulrich/MW_SPADP. Figure 1 shows the distribution of solar Ca II K spectroheliograms per year investigated by this study.
The analysis of this data set will permit a variety of retrospective analyses of the state of the solar magnetism and provide a temporal baseline of about 100 years for many solar properties. The chromospheric network is clearly visible on a substantial fraction of the archive images from the Ca II K spectroheliogram sequence. A previous version of this database was used by Foukal and Milano (2001) to study the quiet network contribution to solar irradiance variations. These variations are important because they can be used to investigate the influence of the solar luminosity change on the Earth's climate (Foukal et al., 2006) . More recently, the digitized images obtained from this archive were independently calibrated by along with Ca II K data from Kodaikanal Observatory and from the National Solar Observatory at Sacramento Peak, for the purpose of comparing the signature of plages and enhanced network. The comparison shows a good agreement in the temporal behavior of the annual and monthly mean plage indices calculated from the three data sets. A more extended comparison, that includes six time series of annual mean plages indices, shows a similar result . The image quality and contents of the Ca II K spectroheliogram time series obtained by the digitization of the Arcetri, Kodaikanal, and Mt Wilson photographic archives have been also evaluated by Ermolli et al. (2009) to estimate their value for studies focusing on timescales longer than the solar cycle.
Data Analysis

Pre-Processing and Calibration of the Images
The procedures used to calibrate the Ca II K images are described in some details at the project web site www.astro.ucla.edu/~ulrich/MW_SPADP. We only provide here a short summary of the most important steps included in this calibration process, relevant to the analysis described in this work. The images present notably some dust and pit which is important to reduce. A Laplacian filter was used for this purpose. The size of the images was then reduced from its original scanned resolution of ≈3000 × 3000 to ≈866 × 866 spatial pixels, by averaging the pixel values within each 4×4 portion of the image. Due to the nature of the scans, where the dispersion direction is in the direction of the scan and the cross-dispersion direction is parallel to the slit, a strategy was adopted whereby the search in the image is for radii associated with the scan/dispersion direction and cross-dispersion/slit direction independently. Because the average distortion of each image amounts to less than ≈0.9%, with the radius along the scan/dispersion direction being typically smaller than the radius along the cross-dispersion/slit direction, an average value of the radius was used. Due to small changes in the image-scale size over the years, the annual mean value of this average radius varies from about 336 pixels to 340 pixels, with not significant long-term trends over the 70-year period investigated by this study.
One of the main problems we encountered during the calibration process is the presence of a vignetting function. This function is linked to the relative position between the pupil and the grating, which depends on the coelostat mirror positions and shifts during each exposure due to the scanning of the spectrograph across the solar image. As a result of this effect the intensity and its gradient are highly variable from one image to another. Stepwedge exposures on the Ca II K spectroheliograph sequence are available only since 9 October 1961. For those images it is possible to use, following the ideas presented by de Vaucouleurs (1968) , the H&D curve calibration approach to obtain well calibrated intensity images. Unfortunately, the bulk of the sequence does not offer this possibility and a different approach is required. In our study we used a running median filter to determine the large-scale spatial intensity distribution of the image, i.e. its background. We then divide the image by this background to obtain the final flat-fielded image. Figure 2 illustrates the procedure for a sample of three different observations: The first column shows the original images after they have been corrected for dust and pit and reduced in size. The variation in intensity is clearly visible on all these images. Moreover, the dynamic range is also quite different from one image to another being, for example, much lower in the last image. The second column shows the background determined from the running median filter, and the The middle column displays the background of the corresponding image calculated using a running median filter, essentially a low-pass filter, and the last column is the result of the flat-fielding obtained by dividing the previous two images together. The chromospheric network is well defined on the final images. Also, on the last two images, the polar marks indicating the solar north -south direction are clearly visible. These marks are present, however, only on a portion of the data set.
last column is the flat-fielded image obtained by dividing the first two images. The parameters of the median filter have been accurately determined by comparing the result of the filter to the proper H&D calibration for images taken after 9 October 1961. This is an important and necessary step to avoid introducing spurious points through an improper treatment of the non-linear response curve that could affect the values of the CaK index defined in the next section. The pixel value of the background in the flat-fielded image is typically around unity.
The CaK Index Series
A CaK index is defined from each flat-fielded image using a multi-step procedure based on the distribution of the intensity ratio, as described in details below.
i) A first histogram is calculated using all pixels located within 0.99 solar radii from the center of the image and with values less than three. The bin size of the histogram is chosen to be 0.01. The width σ and the center x c (x c ≈ 1) of this distribution are determined from a Gaussian fit to the histogram using an equal number of bins (35) around Figure 3 The intensity-ratio distribution for an image taken 2 July 1970. The fundamental parameters of this distribution are determined from a Gaussian fit to the histogram, which contains 30 bins between x c − 2σ and x c + 7σ . This is the exact range shown in the plot, where x c and σ are the center and the width of the distribution, respectively. Also shown is the best Gaussian fit to the distribution. The constant baseline B (see Equation (1)) defines the CaK plages and active network index used in this work.
the maximum of the distribution. This choice of parameters limits the analysis to the central part of the histogram, which is well described by a Gaussian function. ii) The calculated width σ is used to define the boundaries of a new histogram, between x c − 2σ and x c + 7σ . To properly account for the contribution of both plages and network to the skewed distribution shown in Figure 3 , the long tail on the right side of the histogram needs to be included in the fit. We find that a value of 7σ for the tail accomplishes this goal and provides results that are in excellent agreement with other studies as shown in this paper. This range is then divided into 30 bins, so that the bin size varies in general from one distribution to another. The histogram is then normalized by dividing the value of each bin by the total number of pixels in the solar disk image. This normalization is necessary, to properly take into account the change in the observed solar disk area produced by the variable Sun -Earth distance. iii) The following four-parameter Gaussian function is used to model the distribution:
where u = (x − x c )/σ , x is the bin value, and y is the fractional number of pixels in the solar disk with value x. Figure 3 shows a typical histogram derived from a single observation, defined between the boundaries x c − 2σ and x c + 7σ . The solid curve is the Gaussian best fit to the distribution given by Equation (1). It is quite evident from the figure that the distribution is well described by a Gaussian function only for pixel values around to the center (x c ≈ 1) of the histogram, and tends to drift away from it as the pixel value increases. Since relatively high intensityratio values correspond to brighter than average features in the image, that is plages and enhanced network, the analysis of Figure 3 shows that those features will add contributions to the right side of the histogram and make the distribution asymmetric. The measurement of the constant baseline B from Equation (1) provides an average estimate of this effect.
The Ca II K Plages and Active Network Index Series
The value of the constant baseline B in Equation (1) is defined in this work to be an index of the Ca II K plages and active network, or simply a CaK index. It is important to notice that despite the normalization introduced in this definition, our index does not directly measure the fraction of the solar hemisphere occupied by the chromospheric plages and enhanced network. Instead, it measures the average effect of those features on the intensityratio distribution of the image. As discussed in Section 3.1, the lack of information about the characteristic curve for most of the images in the sequence, in addition to the unknown intensity contribution from scattered light, makes the task of obtaining a homogeneous and consistent series of well calibrated images very difficult. Consequently, the calculation of the actual area of the solar disk covered by plages and/or network must rely on some additional assumptions about the physical properties of the database. In their independent analysis of this series, Tlatov, Pevtsov, and Singh (2009) have derived a CaK index expressed in units of fraction of the solar hemisphere covered by plages and network on the assumption that the center-to-limb intensity variation in quiet Sun corresponds to a standard curve, independent of overall level of solar activity. This result can be used to calibrate our time series on the same scale. Figure 4 shows the comparison between our annual means and their corresponding values. The linear Pearson correlation coefficient of these two indices is 0.97, with a Student t-test showing a significant correlation between the two variables at a confidence level much higher than 99.9%, indicating the excellent agreement of the two series. The linear regression is described by the equation
Fractional area = −3.70 × 10 −2 ±0.06 × 10 −2 + 14.45(±0.15)CaK index.
This equation can be used to convert our CaK index into a fractional area, so that the comparison with similar time series can be made.
Figure 5
The CaK index time series defined using the fitting procedure described in the text. This index measures the contribution from both plages and active network. Almost 40 000 images have been reduced to produce this plot. The annual international sunspot numbers are also shown, in red, as a reference.
We have applied the procedure described in the previous section to the entire data set of observations taken between 1915 and 1985. The value determined from each image is plotted in Figure 5 , together with the temporal annual variations of the international sunspot numbers. No attempt has been done to eliminate any specific observations from this analysis. From the visual inspection of the figure it is quite evident that our CaK index well correlates with the 11-year solar cycle defined by the sunspot numbers. In addition, comparisons between our CaK annual mean values and other available CaK plage indices shows that our definition is consistent with those based on the area of plages including the active network .
In addition to the CaK index time series, defined by the parameter B, the fit to the histogram provides supplementary information about the properties of the distribution in intensity of each image. In particular, the behavior of the width σ seems to be correlated to the plage contrast. In their investigation of the Mount Wilson Ca II K photographic archive Tlatov, Pevtsov, and Singh (2009) defined a plage contrast as the plage brightness per unit area. Figure 6 shows the comparison between σ and their plage contrast. Although the two quantities have been defined differently and the calibration of the photographic plates was done using completely separated methods, the two curves show very similar variations over time. The plage contrast time series seems to be more sensitive to the variations in the cycle of activity than the result obtained from the histogram analysis. The most interesting feature of this figure is the increasing in the plage contrast during solar cycle 19, from about 1953 to 1961. A similar analysis performed by Tlatov, Pevtsov, and Singh (2009) on the archive of the Kodaikanal Observatory (India) for the period 1907 -1999 does not show any significant long-term variation of the plage contrast. It is speculated that the increase in the plage contrast during solar cycle 19 for the Mount Wilson data is due to the exit slit width being narrower during that period . In fact, an important prop- erty of the images obtained during this interval is the present of dark filaments which are known to be prominences projected onto the solar disk. These features are common for K3 spectroheliograms but not for K2 spectroheliograms, the bulk of this database. The interval for which the filaments are evident coincides closely with this period of anomalous plage contrast.
The Extended CaK Index Series
Since 1970, the synoptic program of Doppler and magnetic observations at the 150-foot solar tower at Mount Wilson has provided to the solar community a MPSI extracted from the Fe I 5250 Å magnetograms. The MPSI is defined as the sum of the absolute values of the magnetic field strengths for all pixels where the absolute value of the magnetic field strength is between 10 and 100 gauss (Chapman and Boyden, 1986) . This number is then divided by the total number of pixels (regardless of the magnetic field strength) in the magnetogram. The entire record of MPSI daily measurements is available from www.astro.ucla.edu/~obs. As shown in Figure 7 , our daily CaK index is well correlated with the MPSI during the time interval from 1970 to 1985. In particular, the top plot shows a quite strong linear correlation up to a MPSI value of about two, but then this correlation decreases for larger MPSI numbers. The overall relationship can be well described with a simple three-parameter model, given by a + b arctan(c · MPSI), where a, b, and c are the three parameters to be determined using the method of least squares. Our best fit to the data is shown by the solid red line in top plot of Figure 7 . The lower plot shows the temporal behavior of the rescaled MPSI (red line) compared to the corresponding CaK quantity. The MPSI was rescaled using the coefficients Only days for which both quantities were available have been included in this analysis. This relationship can be described with a simple three-parameter model as described in the text. The solid red line shows the best fit to the data (top plot). A comparison between the temporal variations of the calculated CaK index (blue curve) and the rescaled MPSI (red curve), smoothed using a 60-day width running Gaussian, are also shown (bottom plot). from the above model. The comparison clearly shows the excellent agreement between the two variables.
An important consequence of this excellent correlation is the possibility of using the MPSI as a proxy for the CaK index, and therefore extending the calculation of this index up to date. Using the coefficients derived from the model shown in the top plot of Figure 7 we were able to update the series up to 13 Table 1 . The most significant feature of this figure, and Table 1, is the fact that the value of our CaK index during periods of minimum solar activity has slightly but systematically decreased since 1940. In particular, our analysis seems to suggest that the current minimum has produced the lowest CaK index value among those in the almost hundred years investigated by this study.
Discussion and Conclusions
In this paper we have described a method to study the time dependence of solar surface magnetism from the analysis of more than 70 years of Ca II K spectroheliograms obtained at the 60-foot solar tower in Mount Wilson between 1915 and 1985. These measurements are important because Ca II K emission is closely related to the magnetic field (Johannesson, Marquette, and Zirin, 1998) and can provide a proxy for long-term induced changes, solar-cycle and beyond, in the total and spectral solar irradiance (e.g. Fligge, Solanki, and Unruh, 2000). Our method is based on the photometric properties of each individual solar images, using parameters computed from a histogram analysis of their intensity distribution. An important feature of this approach is the fact that it can be accomplished in a fully automated mode, without relying on a visual inspection of the images. We found that two of the parameters defining this intensity distribution, the constant baseline and the width, are very well correlated to the fractional area of the solar disk covered by plages plus active network and the plage contrast as computed by an independent investigation of the same database. The constant baseline measures the strength of the widely distributed regions that are brighter than average in Ca II K, and it is defined in this work as a CaK index. This index shows a temporal behavior which is in excellent agreement with the cycle of solar activity described by the international sunspot number. This is clearly illustrated in Figure 5 , where the relative strength of solar cycles 15 to 21 is well reproduced.
Another remarkable property of this index is its correlation with the MPSI measurements shown in Figure 7 . The relationship between these two variables is mostly linear, up to a MPSI value of about two. Above this value the correlation drops quite significantly. Those are measurements corresponding to the time interval from 1979 to 1982.4, around the maximum of solar cycle 21, where both the MPSI and the CaK index show no systematic trends. As illustrated at the bottom of Figure 7 , our adopted model produces an excellent agreement between these two quantities during both the period of minimum of activity, around 1975, and the maximum of cycle 21. The validity of this model, however, is limited to MPSI values up to about seven. In fact, above this limit, the asymptotic behavior of the model significantly reduces the correlation between these two indices of solar activity. Fortunately, an investigation of the historical record of MPSI daily measurements shows that this event is extremely rare, and will not affect the conclusions reached in this paper. The possibility of extending the CaK index series beyond the time for which the Ca II K spectroheliograms are available, using the MPSI measurements as a proxy, is one of the main results of this work. This unique extended series, that covers almost a century of measurements, is shown in Figure 8 and tabulated in Table 1 . Because of the close connection among Ca II K emission, solar surface magnetic field, and Total Solar Irradiance (TSI), this CaK time series can provide a proxy for studies on solar-cycle induced changes in the TSI that may play a role in climate change (Solanki and Fligge, 2002; Stott et al., 2000) . In particular, the progressive increase in the strength of the solar cy- cle of activity between 1928 and 1958 indicated by the sunspot number is closely tracked by the increase in strength of solar UV radiation as indicated by our CaK index. This probable increase in the solar output during a period of increasing greenhouse gas abundance needs to be included in evaluations of the global warming process.
Finally, visual inspection of Figure 8 seems to suggest a subtle but systematic decreasing in the value of the CaK index, around the minima of solar activity, from 1945 to the present. It is well established that chromospheric indices such as CaK index, Mg II core-to-wing ratio, and Ly-α are highly correlated with the UV and EUV irradiance. The Mg II index, in particular, has been recently investigated to determine whether the spectral irradiance below about 300 nm shows some secular changes. Fröhlich (2009) has found evidence of a longterm trend in TSI, but not in solar UV irradiance. The study of the long-term properties of the UV irradiance was, however, limited to the investigation of the temporal behavior of the Mg II index over the last three solar cycles, and confirmed by observations of Ly-α and Ca II K over the same time period. In this paper we have the opportunity to significantly extend this time interval, by using our CaK index time series as a proxy for UV and EUV irradiance. This is validated by the high correlation between our CaK index and the Mg II core-to-wing ratio shown in Figure 9 . Assuming that this correlation is preserved also for the previous cycles, shown in Figure 8 , we must conclude that the "quiet" magnetic Sun has slightly and systematically reduced its UV irradiance over the past 70 years. A regression analysis using the CaK index values from Table 1 . corresponding to years of minimum in solar activity was performed to validate this conclusion. When only the last three or four solar minimum values are included in this analysis, the significance (according to a Student t-distribution) of the calculated slope is around or well below the 95% confidence level, for the four and three minima respectively. This result leads to the conclusion that no significant changes have occurred in the quiet Sun UV irradiance over the last four decades, as also shown by other studies (e.g. Fröhlich, 2009 and references therein). However, when the last six or seven solar minimum values are considered, a significant slope -at a confidence level above 99.9% -is found. The value of this slope is about 0.9 year −1 , indicating a variation of ≈20 -25% in the value of the "quiet" CaK index between solar cycles 17/18 and 23/24. We are not able to calculate at present how much of this variation, if any, would produce changes in the quiet-Sun's output of UV. If such a variation can be demonstrated, it could significantly impact the study of the possible effect of the Sun on the Earth's climate, as discussed in Foukal et al. (2006) . We have repeated this analysis using the smoothed temporal behavior of the daily CaK index instead of the annual means, and reached the same conclusions. Further investigation and comparison with other data sets are required, however, to positively confirm this result.
